Abstract. Determinations of pesticides and their degradation products in natural waters, given the great heterogeneity of the substances involved, conventionally demands the use of the following analytical methods:
Introduction
The need to analyse waters in order to identify and quantify a growing number of pesticides and their conversion products, which are generally thermolabile, non-volatile and exhibit medium to high polarity, raises the question of the reliability of the instrumental methods currently used for their analysis. The analytical methods routinely used to determine these substances in waters employ gas chromatography, either in combination with specific detectors (ECD, electron capture detector; NPD, thermo-ionic detector) or coupled with mass spectrometry or thin-layer chromatography (TLC). Capillary electrophoresis with UV detection was also tested recently in this field.
High-performance liquid chromatography combined with a diode array UV detector has been established in the laboratories in recent years as the complementary technique to gas chromatography to analyse these substances. However, the only UV spectrum used as a means of identification proved to be insufficient, justifying the advantage of coupling mass spectrometry with liquid chromatography, the only device potentially capable of identifying the substances detected.
In the recent past, these couplings made with "particle beam" and "thermospray" type interfaces, aroused little interest in environmental analyses, due to their lack of sensitivity and the insufficient number of substances analysable by these methods, as compared with gas chromatography coupled with mass spectrometry.
The atmospheric interfaces (APCI, Atmospheric Pressure Chemical Ionization, and Electrospray), which have appeared in recent years, serve on the contrary to broaden considerably the field of substances to be analysed by liquid chromatography coupled with mass spectrometry, with a sensitivity in agreement with the requirements of the European Union for water analyses [8, 9] .
An increasing number of publications of results of investigations conducted with these couplings using atmospheric interfaces, illustrate the large potential of this technique combined upstream with liquid/solid preconcentration methods, in-line or off-line [10] [11] [12] [13] [14] [15] . Results obtained with this coupling in connection with a study on the surface waters of the Centre region in France and dealing with a portion of the 40 pesticides or conversion products selected in accordance with the criteria of an approach inspired by CORPEN 1 [16] are presented here.
Materials and methods

Review of the operating principle of the atmospheric interfaces used in HPLC/MS coupling
APCI (Atmospheric Pressure Chemical Ionization) interface
The general operating principle of this interface is based on the pneumatic nebulization and the vaporization of the mobile HPLC phase followed by ionization of the substances in solution by Corona discharge. The production mechanisms of the ions involved in the process are of various types.
(1) Pneumatic and thermal for the nebulization and desolvation of the mobile phase.
(2) Electrostatic for the ionization of the substances extracted: the Corona current measures a few µA, and the Corona discharge voltage is 2 to 5 kV.
The main characteristics of this ionization mode are the following:
• it is a mild ionization mode with possible degradation of the most thermolabile compounds (the temperature of the vaporizer is between 400 and 450°C),
• it is compatible with the standard flow rates of liquid chromatography (2 mL/min),
• the analytes or the mobile phase must have good proton affinity,
• the mass spectrum mainly contains the molecular ion with possible formation of adducts (combination with one of the mobile phase components): there is little fragmentation.
ESI (Electrospray Ionization) interface
The general principle is based on a spraying of the mobile phase combined with ionic evaporation. This causes the:
• formation of charged liquid droplets,
• reduction in the size of the charged droplets by evaporation/disintegration (Rayleigh instability limit) up to the ionized species directly transferable in the quadripole.
The main characteristics of this ionization mode are as follows:
• no degradation of thermolabile compounds,
• need to operate at eluent phase flow rates of about 200 µL/min,
• suitability for polar and non-volatile products,
• the mass spectrum mainly contains the molecular ion: there is practically no fragmentation.
Field of application of atmospheric interfaces in HPLC/MS coupling
The choice of the atmospheric interface associated with that of the chromatographic mobile phase is dictated by the polarity of the substances to be analysed, and by the positive or negative character of the ions formed in the chromatographic conditions applied.
The main applications of atmospheric interfaces in the analysis of pesticides can be summarized as follows.
(1) APCI interface The signal is acquired:
• on the positive ions for the following families:
organophosphorus [17] , triazoles, triazines, amides, phenylureas, carbamates, morpholines,
• on the negative ions for: phenoxyalkanoics, chlorophenols, sulphonylureas.
(2) Electrospray interface
The signal is acquired:
• on the positive ions for the following families: triazines, some phenylureas, hydroxylated derivatives of atrazine,
• on the negative ions for the following families: acidic substances (phenoxyalkanoics, nitrophenols, benzonitriles), metabolites of amides (alachlore).
Instrumentation and columns
The HPLC/UV/MS chromatography circuit has the following components:
• Varian 9012 elution gradient pump,
• Varian 9100 automatic sample passer,
• Varian Polychrom 9065 diode array UV detector,
• computerized control station equipped with Varian LC-STAR software,
• Finnigan SSQ 7000 mass spectrometer with APCI (Atmospheric Pressure Chemical Ionization) placed downstream of the UV detector cell, controlled by the ICIS software.
The chromatography columns used are packed with silica grafted with LC-ABZ type amide groups (Supelco), or silica grafted with Kromasil (Touzart and Matignon) type 18-carbon groups, separating the compounds by reverse phase partition chromatography:
• length: 250 mm
• inside diameter: 4.6 mm 
Calibration
Calibration solutions are made from fifteen different substances with certified purity, by dilution in methanol or acetonitrile. All of them were from Cluzeau Info Labo (Ste Foy la grande France) The concentration interval of the calibration solutions ranges from 0.02 to 10 µg/mL in the solvent.
The fifteen following substances belonging to the regional list and including some 40 pesticides extractable at neutral pH are analysable by HPLC/MS with the APCI interface in positive ionization mode. An example of chromatographic separation using the LC-ABZ column, in the above operating conditions and carried out on a calibration solution, is shown in figure 1 .
HPLC grade acetonitrile and methanol, dichloromethane for pesticides residues analysis were obtained from Carlo Erba (Romilly sur Andelle, France). HPLC grade water was obtained from BDH (Merck, France).
Preconcentration Preconcentration by liquid/liquid extraction
The liquid-liquid extraction with dichloromethane was choosen for the majority of the substances studied in the surface water samples due to the efficiency of this extraction method for a large number of these substances and the high level of the suspended materials present in these waters.
One litre of each sample is extracted at neutral pH by three times 60 mL dichloromethane and then concentrated in the rotary evaporator and under nitrogen jet, and transferred to 0.5 mL acetonitrile for HPLC analyses.
Liquid/solid (or SPE) preconcentration
Various media are used in liquid/solid extraction mode: the extraction cartridges are packed with silica grafted with C 18 octadecyl groups, and porous polymers, such as vinylbenzene/divinylbenzene copolymer, are used [18] . This extraction mode with C 18 cartridges is more suitable for the degradation products of atrazine and carbendazime in particular. It has been used for this study as followed.
Preconcentration at neutral pH on cartridges packed with 0.5 g C 18 -grafted phase (Supelco) Cartridge conditioning:
• cause 6 mL of ethanol to percolate at a rate of 10 mL/min followed by 10 mL of de-ionized water.
Sample preconcentration:
• take 500 mL of water sample, • check the pH: this must lie range between 6.5 and 7.5,
• cause 500 mL of water to percolate on the extraction cartridge at about 10 mL/min,
• dry the cartridge under vacuum for at least 10 min.
Elution of compounds fixed on the cartridge:
• add 2 mL of methanol, leave in contact for 2 min,
• cause to percolate at about 2 mL/min without going to dryness,
• collect the eluate in a 10 mL tube,
• repeat the operation with 2 mL of methanol Concentrate the methanol extract by slow evaporation under nitrogen jet to a volume of 0.5 mL. This fraction can be analysed by HPLC/UV/APCI/MS.
The recovery percentages obtained using these two above extraction methods are given in the table IV.
Results and discussion
Calibration
The calibration curves obtained show very good response linearity on the signal of the ionic current extracted on the specific m/z ions of each substance (Fig. 2) , in a wide range of concentrations (0.025 to 10 µg/mL).
The results are given in table I with the m/z values used for the quantification, the calibration equations and the correlation coefficients for each compound, the LOQ's in SIM and CIT modes.
Sensitivity and quantification limits
The response sensitivities are affected by the ionization yield of the substances analysed in the instrumental conditions given above. They vary by a factor of 4, from the least sensitive substance (chlortoluron) to the most sensitive group including terbuthylazine.
The practical quantification limits, determined by the signal corresponding to ten times the background noise on the chromatograms extracted on the specific ions of the substances investigated, range from 0.02 to 0.1 µg/L in total ionic current. In single ion mode (SIM), the practical quantification limits are improved by a factor of 5 (Tab. II).
Diuron displays a better response sensitivity in negative ionization mode by HPLC/APCI/MS [19] .
Mass spectra
The mass spectra essentially show a pattern with the protonated molecular ion (M+H) + , sometimes accompanied by the cluster ion with acetonitrile (M+CH 3 CN) + or (M+41) + . This route of ionisation can be related with the high proton affinity of these compounds. Some substances undergo
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Original articles fragmentation despite the mild ionization conditions. This is the case of carbendazime, atrazine, terbuthylazine, while others, like diuron, contain only the protonated molecular ion and the adduct (Fig. 3) . The fragmentation can be accentuated by imposing a potential of a few dozen volts on the input octapole, thus generating fragmentations by collision. The repeatability of the mass spectra acquired in identical experimental conditions was confirmed (Tab. II), demonstrating the feasibility of the compilation of a library of reference spectra usable to identify the substances detected.
HPLC-APCI-MS has high potential as an identification method. Structural information is generated in the mass spectrum from the protonated molecule, the adducts and the fragments obtained by collision.The main limit for an unequivocal elucidation of some compounds is the insufficient fragmentation [20] .
Results obtained on surface waters, UV/MS comparison
This method, applied to surface waters, was used to detect and identify positively, by associating their UV spectra and mass spectra, a number of substances of the regional list analysable by HPLC (Fig. 4) . In this figure, the two surface water samples analysed show the following compounds It was possible to confirm the good correlation of the detection results obtained on the surface waters respectively by diode array UV and by mass spectrometry on specific ions in mass spectrometry. This good correlation has been particulary illustrated for two pesticides that are frequently detected in the surface waters investigated, diuron and desethylatrazine, one of the degradation products of atrazine.
Interference in diode array UV detection was controlled thanks to information from mass spectrometry (Fig. 5) . In the example shown in figure 5 , a very intense peak at the retention times of atrazine and the wavelength of 220 nm displays a different UV spectrum from that of atrazine. Mass spectrometry showed that a small fraction of the UV signal could be attributed to atrazine. The interfering substance in UV is not ionized in the instrumental conditions used, leading to an analytical signal in mass spectrometry derived exclusively from atrazine. Thus the quantification of atrazine was possible without resorting to confirmation by another analytical method (GC/MS).
The main substances detected in this HPLC/MS study are atrazine, diuron, desethylatrazine, deisopropylatrazine or desethylsimazine, isoproturon, simazine, carbendazime, terbuthylazine, penconazole, tebuconazole and fenpropimorph.
Other substances were detected in GC/MS, such as lindane and alachore, or confirmed by cross-checking with information for triazines.
The concentrations range are 0.1 µg/L to 4 µg/L for atrazine and diuron the two main present substances found. 5 . Confirmation of atrazine and diuron in a surface water sample by simultaneous DAD and APCI/MS detections: -Diuron is identified by its mass spectrum and its UV spectrum -Atrazine is only identified by its mass spectrum, the UV spectrum is interfered by the matrix.
Conclusion
High-performance liquid chromatography coupled with mass spectrometry with atmospheric interfaces enables:
• the analysis and identification of pesticides and their conversion products, polar and thermolabile, with quantification limits compatible with European requirements for drinking water (0.02 µg/L for most of the substances determined in this study),
• confirmation of the substances detected in diode array UV,
• resolution of the problems of co-elution of certain substances in liquid chromatography,
• identification of certain substances or degradation products not included in the priority lists.
The prospects of this analytical method have expanded further, thanks to the coupling with the MS/MS tandem. However, it cannot substitute for the other analytical techniques, but rather adds to the range of organic substances analysable and identifiable by coupling methods.
